Abstract-Non-invasive, non-destructive technologies for imaging and quantitatively monitoring the development of artificial tissues are critical for the advancement of tissue engineering. Current standard techniques for evaluating engineered tissues, including histology, biochemical assays and mechanical testing, are destructive approaches. Ultrasound is emerging as a valuable tool for imaging and quantitatively monitoring the properties of engineered tissues and biomaterials longitudinally during fabrication and postimplantation. Ultrasound techniques are rapid, non-invasive, non-destructive and can be easily integrated into sterile environments necessary for tissue engineering. Furthermore, high-frequency quantitative ultrasound techniques can enable volumetric characterization of the structural, biological, and mechanical properties of engineered tissues during fabrication and post-implantation. This review provides an overview of ultrasound imaging, quantitative ultrasound techniques, and elastography, with representative examples of applications of these ultrasound-based techniques to the field of tissue engineering.
INTRODUCTION
A variety of illnesses and conditions, including infectious disease, trauma, and cancer, can lead to severe organ damage and tissue loss. In response, a major focus of the interdisciplinary field of tissue engineering has been to develop new approaches to either restore native tissue function or replace damaged tissues with functional tissue substitutes. To do so, various cell types are typically combined with either naturally derived or synthetic scaffold materials to produce nascent three-dimensional (3-D) constructs. These constructs are subsequently exposed to a variety of chemical and biophysical stimuli to initiate key developmental processes, including cell proliferation, differentiation, and extracellular matrix deposition, that mediate native tissue formation and maturation. Using various combinations of cells and biomaterials, attempts have been made to fabricate many different types of tissue. 3 Advancing the development and use of more complex tissues for clinical applications requires technologies that can characterize the properties of artificial constructs and regenerating tissues quantitatively, volumetrically, non-invasively, and nondestructively during fabrication, conditioning, and post-implantation.
To advance the field of tissue engineering, structural, biological, and functional characterizations of new tissue-engineered constructs must be performed in cell culture systems and animals models prior to testing in humans. Systematic evaluations of tissue constructs using standardized, quantitative methodologies would facilitate functional comparisons among different approaches and would accelerate clinical feasibility and acceptance. Currently, histology, immunohistochemistry, and direct mechanical tests are the most common techniques for evaluating engineered tissues, and these techniques provide multiple avenues and metrics for characterizing biomaterials. Conventional histology combined with optical microscopy tech-niques are excellent for visualizing the microscopic anatomy of cells and the extracellular matrix. Direct mechanical testing methods, such as tensile and compression tests, can provide several quantitative measurements of a construct's mechanical properties, including elastic modulus, yield strength, and ultimate strength. Similarly, rheometry can provide bulk measurements of the viscoelastic properties of engineered tissues subjected to shear stresses and strains, while atomic force microscopy can be used to measure the elastic modulus and viscosity of biomaterial scaffolds and cell-embedded engineered tissues at the nanometer scale.
Although histology and direct mechanical tests have been used widely to characterize the structural and mechanical properties of engineered tissues, these techniques are destructive, and therefore, are incapable of monitoring changes in the properties of individual tissue constructs over time. Evaluating separate samples by histological and mechanical testing at multiple time points can be expensive and time-consuming. Furthermore, these techniques can only assess a small fraction of a larger volume of tissue, and thus, cannot evaluate engineered constructs volumetrically. Moreover, after implantation of the construct, biopsies are often required to assess the integration of engineered tissues with native tissues.
Non-invasive imaging technologies provide alternative tools to visualize and characterize materials. 2, 58 Diagnostic imaging modalities, including X-ray, nuclear, magnetic resonance, and optical imaging, are currently employed to evaluate engineered tissues and biomaterials in vitro and in vivo. 2, 58 No single modality is capable of imaging all tissue engineering applications (e.g., ranging from molecular imaging to imaging deep within tissue), and each has its own advantages and limitations. 2, 58 Often several different imaging tools are employed (i.e., multi-modal imaging), exploiting the strengths of each individual technique, to provide complementary information to assess complex constructs. 58 Ultrasound imaging is emerging as an important tool for tissue engineering applications because it provides non-invasive, non-destructive, real-time, qualitative, and quantitative imaging capabilities. This paper presents an overview of ultrasound imaging techniques, along with discussion of advantages of ultrasound in tissue engineering. Subsequent sections then provide descriptions of conventional B-scan ultrasound imaging, quantitative ultrasound techniques, and elastography, with numerous representative examples of how these ultrasound-based techniques can be employed as non-invasive, nondestructive tools for tissue engineering and biomaterials fabrication.
OVERVIEW OF ULTRASOUND IMAGING AND ITS ADVANTAGES
Ultrasound describes sound fields at frequencies higher than the audible range of the human ear (i.e., >20 kHz). Clinical ultrasound imaging utilizes sound pressure waves, with frequencies nominally ranging from 1 to 15 MHz, to generate images of structural features in biological tissue. Ultrasound imaging has advantages as an imaging modality because it is nondestructive, non-ionizing, has a penetration depth of several centimeters, and can provide real-time assessment of large, 3-D tissue volumes. The frequency of the ultrasound wave can be tuned to adjust both the penetration depth and the spatial resolution of ultrasound images for various applications, from imaging relatively small tissue constructs to large organs. As a non-invasive imaging tool, ultrasound can be easily incorporated into sterile environments necessary for tissue engineering and biomaterials fabrication protocols. Furthermore, ultrasound is rapid and nondestructive, thereby providing an excellent imaging approach for longitudinal monitoring of engineered constructs over time. Lastly, because ultrasound propagates through tissue as a focused beam, it can be used to image and monitor the development of engineered constructs after implantation in the body.
Ultrasound transducers can range from singleelement, piezoelectric sources to complex, electronic arrays that provide dynamic focusing and scanning capabilities. In typical ultrasound imaging techniques, an ultrasound source emits short pulses of ultrasound that propagate through the material of interest. Scattering and reflection of ultrasound energy occurs as the acoustic wave interacts with structures of different acoustic impedances. Specular reflection occurs when the structure is large relative to the ultrasound wavelength. In comparison, when structures are much smaller than the ultrasound wavelength, diffusive or diffractive scattering can occur leading to scattering of the ultrasound energy in multiple directions. Backscattered echoes generated within the material by reflections and scattering are then received by the ultrasound transducer as a function of time. The depth of each echo can be calculated by knowledge of the speed of sound in the material and time-of-flight of each received echo.
Ultrasound imaging has several imaging modes including A-scan, B-scan, and C-scan (Fig. 1a) . A-scan imaging (A-mode) displays the one-dimensional (1-D) voltage amplitude of the received ultrasound radiofrequency (RF), backscattered echoes as a function of time. This 1-D signal of echoes from a single propagation path is commonly called an A-line or an RF line (Fig. 1b) . B-scan imaging (B-mode) provides two-dimensional (2-D) gray-scale images, and is the most common imaging mode used in clinical diagnostic ultrasound. B-mode provides visualization of imaging planes that are parallel to the direction of sound propagation (Fig. 1a) . A B-scan image can be created by translating a single-element transducer, calculating the envelope of received RF lines stacked in the lateral direction, and displaying the amplitude of the envelope in gray-scale. Commercial ultrasound scanners typically use linear or phased array transducers to simultaneously scan and display an imaging plane. In comparison, C-scan imaging (C-mode) provides 2-D gray-scale images of planes that are perpendicular to the direction of sound propagation (Fig. 1a) . Examples of 2-D, B-scan and C-scan images of collagen hydrogels embedded with fibroblasts are shown in Figs. 1c and 1d , respectively. These grayscale images contain a speckle pattern that was produced by the interference of backscattered waves from sub-resolution scattering structures (e.g., fibroblasts) within the hydrogel. Constructive and destructive interference of scattered waves from sub-resolution scattering structures produce this speckle pattern commonly observed in B-scan images. Three-dimensional (3-D) images can be produced from a series of 2-D, B-scans that are acquired over a specific volume, and four-dimensional (4-D) imaging typically refers to 3-D ultrasound imaging in real-time. In addition, Doppler ultrasound techniques may be used to visualize fluid flow, and therefore, can provide functional information on perfusion. Lastly, quantitative ultrasound and elastography techniques can provide system-independent metrics to characterize tissue or biomaterial properties to complement conventional ultrasound imaging.
High-frequency, pulse-echo ultrasound systems utilizing frequencies above that of clinical ultrasound (i.e., nominally >20 MHz) have been developed to achieve imaging resolutions on the order of tens of microns. 18 High-frequency ultrasound can provide images of tissues noninvasively with microscopic resolution at penetration depths often inaccessible to optical-based methods. 71 High-frequency ultrasound has been investigated in a variety of clinical applications in native tissues, including opthalmology, dermatology, and cardiology. Shown is a B-scan image of a cylindrical collagen hydrogel embedded with fibroblasts (generated using methods as described previously 53 ). (d) C-scan imaging planes are perpendicular to the direction of sound propagation. Shown is a C-scan image of a cylindrical collagen hydrogel embedded with fibroblasts (generated using methods as described previously 54 ).
Ultrasound contrast agents provide further capabilities to enhance ultrasound imaging techniques. 16, 67 Ultrasound contrast agents are gas-filled microbubbles that are stabilized by protein, lipid, or polymer shells. Microbubbles on the order of 1-10 lm in diameter are used clinically as contrast agents to enhance ultrasound backscatter to improve diagnostic imaging. Innovative imaging modalities that depend on unique interactions of the ultrasound field with the microbubbles have been developed specifically for the use of ultrasound contrast agents. Such contrast-based imaging modalities include harmonic imaging, subharmonic imaging, coded excitation, and phase-inversion imaging, among others. 16, 67 Targeted contrast agents contain specific ligands on the bubble surface to provide site-specific localization of microbubbles to cells, proteins, or other biomaterials. 16 These targeted contrast agents can expand the capabilities of ultrasound to site-specific cellular and molecular imaging. 16, 19 It should be noted that the interaction of ultrasound and microbubble contrast agents can lead to acoustic cavitation, which may pose potential adverse effects on engineered tissues and biomaterials. Acoustic cavitation can produce localized heat generation, fluid streaming, and shear forces. 9, 60 In general, the extent of cavitation can be reduced by use of higher ultrasound frequencies, lower pressure amplitudes, shorter pulse durations, and lower concentrations of microbubbles. 9, 60 In summary, ultrasound provides numerous imaging modalities for visualizing tissue structures in realtime, and is established as an indispensible tool for diagnostic clinical imaging. Now, ultrasound imaging techniques are providing new enabling technologies to advance the field of tissue engineering. The following three sections review representative examples that demonstrate the capabilities of conventional B-mode scanning, quantitative ultrasound imaging techniques, and elastography for tissue engineering and biomaterials fabrication processes.
B-MODE ULTRASOUND IMAGING
B-mode ultrasound imaging offers the capability for real-time, non-invasive, and non-destructive visualization of engineered tissues and biomaterials. Conventional B-mode imaging typically employs frequencies in the~1-15 MHz frequency range. B-mode ultrasound imaging provides a valuable tool for monitoring tissue structure and biomaterials fabrication processes in vitro and in vivo. For example, B-mode ultrasound imaging (12 MHz) has been employed to visualize in situ-forming drug delivery implants comprised of poly(lactic-co-glycolic)acid (PLGA). 72 Analyses of the mean gray-scale values of images, both in vitro and in vivo, demonstrated the utility of this approach to noninvasively monitor the phase inversion process and rate of drug release from the implants. 72 Another group 37 used B-scan ultrasound (13 MHz) to image fibrin gels embedded with myofibroblasts over an 18-day period, and demonstrated a linear correlation of mean gray-scale values with hydroxyproline content within the hydrogel.
High-frequency ultrasound imaging (nominally >20 MHz) offers improved spatial resolution (~10-100 lm) for imaging engineered constructs and biomaterials, and has been used to image tissue microstructures (e.g., cells and cell nuclei) in vitro. Although the attenuation of ultrasound increases with increasing frequency, thereby decreasing the depth of penetration, high-frequency ultrasound can still provide volumetric imaging capabilities within hydrogel-based constructs. For example, high-frequency (38 MHz) B-scan imaging of cell-embedded hydrogels has been employed to visualize differences in cell concentration, observed as differences in echogenicity 28, 53 ( Fig. 2) . Additionally, high-frequency B-scan imaging (38 MHz) can provide the capability for visualizing regional variations in cell or microparticle concentration volumetrically within hydrogel constructs in vitro (Fig. 1c) . Although high-frequency ultrasound can not resolve individual collagen fiber microstructure, increasing echogenicity of high-frequency B-scan images of collagen hydrogels correlates with increasing collagen concentration or decreasing polymerization temperature. 54 Acoustic microscopy techniques (at 61 MHz), have been used to characterize the development and surface irregularities of engineered human oral mucosal constructs. 84, 85 Diagnostic capabilities of conventional B-scan imaging can be further improved through the use of multi-modal imaging and/or ultrasound contrast agents. In one study, three different ultrasound imaging modalities were employed to evaluate extracellular matrix scaffolds used for liver organoid formation. 20 In that study, high-frequency B-scans provided visualization of scaffold structure, dynamic contrastenhanced imaging tracked perfusion, and microvascular structure was imaged using an ultrasound-based angiography technique. 20 Multi-modal imaging employing high-frequency ultrasound imaging combined with time-resolved fluorescence spectroscopy has been used for nondestructive imaging and evaluation of vascular tissue grafts.
14 While high-frequency (40 MHz) ultrasound images provided information on the structure and integration of the vascular graft, fluorescence spectroscopy provided complementary information on collagen and elastin content. 14 In other studies, high-frequency ultrasound imaging and time-resolved fluorescence spectroscopy have been combined to evaluate articular cartilage constructs, 73 or to monitor changes in extracellular matrix content during chondrogenic differentiation of stem cells in hydrogels. 17 Photoacoustic imaging combined with B-scan imaging can also provide enhanced and unique capabilities for visualizing biomaterials and engineered tissues. 13, 58 Photoacoustic imaging is a hybrid imaging modality that uses the absorption of pulsed laser light in tissues to produce local thermoelastic expansion leading to the generation of an ultrasound wave, which is detected by a transducer array to form an image. 57 Furthermore, the use of nanoparticle targeting agents can provide additional cellular or molecular imaging capabilities. 13, 48, 83 Multi-modal imaging approaches, employing dual ultrasound and photoacoustic imaging, have been used to image adipose-derived stem cells loaded with gold nanotracers embedded within fibrin hydrogels, 7 to characterize burn injury and monitor progression of an implanted engineered construct, 57 and to image and monitor blood oxygen saturation within and near PLGA-based scaffolds. 75 Although gray-scale ultrasound images provide real-time visualization capabilities, conventional B-mode imaging does not provide quantitative metrics to characterize the structural, mechanical, and/or biological properties of biomaterials and engineered tissues. Specifically, B-scan images display only the envelope of RF echoes, and importantly, are affected by acoustic attenuation and various system-dependent parameters. The resolution of the B-scan image is determined by the frequency response of the ultrasound system used to obtain the image. B-scan images also rely on system-dependent parameters set by the user. As examples, users can adjust various parameters, such as the electronic gain, the number of focus levels, and the size of the imaging field-of-view, to present the B-scan image to the user's preferences. These system-dependent parameters can vary between users and ultrasound systems, making it challenging to quantitatively compare B-scan images. Thus, there is a need for ultrasound imaging techniques that can provide quantitative, system-independent parameters to assess engineered tissues. These quantitative ultrasound techniques are the focus of the following section.
QUANTITATIVE ULTRASOUND
Quantitative ultrasound tissue characterization encompasses a variety of signal processing and measurement techniques designed to extract information from RF ultrasound echo signals. Quantitative ultrasound can differentiate between healthy and diseased tissues, and monitor changes in tissue properties over time, by providing quantitative metrics that estimate tissue properties, independent of ultrasound system and user settings. 29, 31, 46 These quantitative ultrasound tissue parameters can be classified into two groups based on how they are extracted from the backscattered RF signals in either the time or frequency domain. One group is derived by analyzing the amplitude of the RF echo signals, and these parameters include the speed of sound 74 and the nonlinearity parameter.
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A second group is comprised of parameters that can be extracted from the power spectrum of the backscattered RF signals. 21 and integrated backscatter coefficient (IBC). 38, 42, 74 The absorption and attenuation coefficients of materials can be measured by analyzing either the amplitude or the frequency spectrum of the backscattered RF signals. In comparison to qualitative B-scan imaging, quantitative ultrasound techniques are independent of the ultrasound device, system settings, and user. As such, these techniques provide capabilities for quantitative monitoring of structural, biological, and/or mechanical properties of engineered constructs over time, as well as for quantitative comparisons of tissue metrics between different ultrasound devices and/or user settings.
Quantitative ultrasound techniques have been applied to a broad range of native tissues, such as liver, pancreas, prostate, eyes, heart, and lymph nodes. 30, 46, 47, 49 In native tissues, quantitative ultrasound techniques have been used to characterize tumors, 47 monitor cell death, 5,36 assess cardiac abnormalities, 33 characterize ultrasound contrast agents, 39 and evaluate therapeutic responses of diseased tissues after treatments with high intensity focused ultrasound or chemotherapeutic agents.
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Furthermore, employing high-frequency ultrasound increases the backscatter coefficient of sub-resolution scatterers in tissues, such as cells and collagen fibers. Highfrequency ultrasound has been employed to investigate the backscatter coefficient of blood during clotting, 42 to assess backscatter properties of cells and isolated nuclei, 74, 77 to characterize human dermis, 25, 42 and to monitor cell death in vitro. 8, 80 Attenuation, absorption, and the speed of sound are all acoustic parameters that can be employed as metrics to quantify properties of tissues and biomaterials. Several methodologies can be used to measure the speed of sound, the simplest of which is to measure the thickness of the material and then divide that by the time it takes for an ultrasound pulse to propagate through that thickness of the material using either through-transmission or reflection techniques. As an example, in one study, the speed of sound was measured in agarose hydrogels at concentrations ranging from 1 to 10%. 81 Speed of sound measurements were then used to estimate the moduli of these hydrogels using both elastic and poroelastic models. 81 Acoustic attenuation describes the loss of amplitude of an acoustic field as it propagates through a material. Attenuation is comprised of contributions from both scattering and absorption (i.e., the conversion of ultrasound energy to heat). Attenuation is typically measured using insertion-loss techniques, while the ultrasound absorption of a material can be obtained through direct measurement of ultrasound-induced heating using thermocouple techniques. One study that employed attenuation as a metric of tissue properties demonstrated that the amplitude of an ultrasound pulse transmitted through bone marrow stromal cell/ b-tricalcium phosphate composites could be correlated with the number of cells within the construct. 61 Furthermore, the dependence of the absorption coefficient on acoustic frequency can also be employed to characterize tissues and materials. The frequency-dependent attenuation coefficients of collagen hydrogels were measured using through-transmission insertion loss techniques for various concentrations of collagen. 54 Power-law fits of the attenuation coefficients over a high-frequency band of~15-45 MHz demonstrated the use of ultrasound to noninvasively detect and quantify differences in collagen concentration. 54 Another group measured both the speed of sound and the frequency dependence of the attenuation of constructs composed of chondrocytes embedded in poly(ethylene glycol) hydrogels, and tested these parameters as metrics to quantify hydrogel degradation over a period of several weeks. 68 Scanning acoustic microscopy (SAM) uses very high frequency ultrasound (typically >100 MHz), and has been employed to image and quantify the speed of sound and attenuation in tissue-engineered cartilage constructs. 76 Quantitative ultrasound techniques are also finding applications for monitoring dental implant procedures, and assessing musculoskeletal engineered tissues. The stability of a dental implant within bone, and the associated soft tissue healing, are both critical for the success of implant procedures. One group employed a quantitative ultrasound metric derived from the amplitudes of echoes received from a 10-MHz ultrasound pulse propagating within a dental implant to assess implant stability in vitro and osseointegration in vivo. 50, 78 Another group employed a similar timedomain analysis of 10-MHz RF echoes, combined with wavelet transformation analyses, to assess the integration of tissue-engineered cartilage. 26 Ultrasound backscatter provides the basis for several other quantitative ultrasound parameters that have been employed to characterize tissues. Quantitative ultrasound techniques that extract spectral parameters from the backscatter RF signals can be used to characterize tissue microstructure, such as the number, size, and organization of tissue scatterers. 31, 44, 45 Ultrasound backscatter amplitudes depend on the concentration, size, density, and compressibility of sub-resolution scatterers. 31, 44, 45 The integrated backscatter coefficient (IBC) is a system-independent parameter that estimates the backscatter strength of sub-resolution scatterers per unit volume over the transducer bandwidth. 31, 44 Recent studies have shown that backscatter spectral techniques can provide important tools for the field of tissue engineering, as illustrated with the following examples.
A recent study developed the use of high-frequency quantitative ultrasound to non-destructively estimate cell concentration in 3-D hydrogels. 53 IBCs were computed from high-frequency (13-47 MHz) backscatter RF measurements obtained from agarose hydrogels embedded with fibroblasts. 53 The IBC increased linearly with increasing cell concentrations from 5 9 10 4 to 1 9 10 6 cells/mL. 53 Furthermore, the technique can be used to generate color-scaled parametric images of cell concentration as a tool to visualize spatial variations in cell concentration in 3-D hydrogels volumetrically. 53 The IBC has also been used to detect and quantify changes in collagen fiber density and diameter in hydrogels fabricated with different collagen concentrations or under different polymerization temperatures. 54 Parametric images of the IBC provided the capability of visualizing regional variations in collagen fiber microstructure. 54 In contrast to second harmonic generation imaging or scanning electron microscopy, this high-frequency IBC technique provides for visualization of backscatter from collagen structures in thick (~1 cm) hydrogels. In this study, parametric images were generated with axial resolutions of 41 lm and lateral resolutions of 850 lm. 54 Images can be generated in either B-scan or C-scan planes (Fig. 3) or combined for volumetric imaging.
Other spectral parameters, including the spectral slope and midband fit, are also useful metrics to quantitatively characterize engineered tissues and biomaterials. Although the techniques do not image individual cells, the midband fit, spectral slope, and high-frequency signal statistics can detect apoptosis and monitor cell viability. 36, 44, 77 In one study, highfrequency ultrasound was employed for 3-D grayscale imaging of collagen-based constructs, and quantitative spectral parameters, namely the spectral slope and midband fit, were used to characterize the mineral (i.e., hydroxyapatite) content of the constructs. 23 In this study, the midband fit correlated with hydroxyapatite content and calcium deposition. 23 Another study employed combined measurements of speed of sound, attenuation, midband fit, and spectral slope to characterize osteoblastic differentiation within 3-D collagen hydrogels. 24 Highfrequency spectral ultrasound estimation of cell diameter, cell concentration, and calcium content within these constructs was in good agreement with biochemical assay results. 24 
ELASTOGRAPHY
The mechanical environment of engineered tissues can influence cellular functions that are important for tissue regeneration, including cell migration, proliferation, and differentiation. 10, 56 Direct mechanical tests are destructive, and thus, do not facilitate monitoring changes in mechanical properties of individual engineered tissue constructs over time or in vivo. Furthermore, direct mechanical tests provide only bulk measurements of the mechanical properties and do not enable measurements at localized regions within tissue samples. To overcome these limitations, ultrasound elastography is emerging as a valuable technique for tissue engineering applications.
Ultrasound elastography describes a variety of techniques to image the viscoelastic properties of tissues and materials non-destructively and non-invasively. 64, 70 Numerous ultrasound elastography techniques are under development, differing in their methods used to generate tissue motion and detect resulting displacements. 64, 70 Quasi-static elastography techniques, sometimes termed compression elastography, apply small compressions in the tissue sample and then track axial components of displacement using Bscan imaging. 64 Dynamic elastography approaches use transient or harmonic sources to produce shear waves in tissue. The resultant tissue displacements are then tracked with various diagnostic imaging techniques and can provide estimates of the shear modulus of the tissue. 64, 70 Several dynamic elastography techniques include vibration amplitude sonoelasticity imaging, 40 transient shear wave elastography, 70 crawling wave elastography, 86 and acoustic radiation force elastography. 59 Some of these techniques have been used clinically to assess liver stiffness in patients with hepatitis, 82 to differentiate between benign and malignant lesions in breast cancer patients, and to aid in detecting areas of prostate cancer. 22 For tissue engineering applications, most investigations thus far have employed compression elastography techniques to obtain relative measurements of the mechanical properties of engineered tissues. 1, 11, 35, 87 One study demonstrated the use of a compression elastography technique to compute the relative strain of thin, polyglycolic acid (PGA) scaffolds, embedded with smooth muscle cells. 1 Another study used compression elastography techniques to generate axial strain images for monitoring the degradation of biodegradable, polymer-based scaffolds embedded in gelatin phantoms or implanted subcutaneously in mouse models. 35 Similarly, compression elastography was able to track changes in mechanical stiffness of polyurethane scaffolds implanted in a mouse model over a 12-week period. 87 Quasi-static elastography was also employed to monitor the modulus of engineered arterial constructs during fabrication, where displacements were induced by pulsatile flow within the constructs.
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In general, compression elastography techniques provide only relative estimates of the elastic properties of tissues because the applied stress field is typically not known. 64 Furthermore, compression elastography techniques typically require direct contact with the tissue or biomaterial to produce compression, and in vivo applications are limited to superficial tissues.
Elastography techniques are also finding applications for characterizing relatively hard tissues, including bone and bone substitute materials. Compression elastography has been demonstrated capable of visualizing differences in elastic properties of polymer samples with moduli ranging from 47 kPa to 4 MPa. 89 Other ultrasound techniques, have been employed to characterize the properties of porous baghdadite scaffolds 32 or bioglass-based scaffolds 41 used for bone tissue engineering. In these studies, pulse-echo ultrasound was used to measure the time-of-flight, estimate the longitudinal wave velocity, and then calculate the normal component of the stiffness tensor. The normal component of the stiffness decreased monotonically with increasing biomaterial porosity. 32 However, this ultrasound technique does not provide quantitative measurement of the modulus of materials.
In comparison to compression elastography, acoustic radiation force elastography techniques induce tissue deformation site-specifically, and then monitor the resulting shear wave to estimate the shear modulus of the tissue. 64, 70 Acoustic radiation force elastography techniques utilize a focused ultrasound beam to generate an acoustic radiation force in order to induce local tissue displacements. 64, 70 Acoustic radiation force is a body force generated by a transfer of momentum from the acoustic field to the tissue. 69 In acoustic radiation force elastography, a high-intensity (~1 kW/cm 2 ) ultrasound pulse (on the order of 100-ls durations) is typically used to create the acoustic radiation force, resulting in tissue displacements of~1-20 lm. 59, 62, 70 After application of the radiation force, tissue deformation (i.e., displacement) associated with shear wave propagation is monitored spatially over time using conventional pulse-echo ultrasound. 59, 62, 70 Several acoustic radiation force elastography techniques have been developed, each implementing different methods to apply the radiation force or track the resultant shear wave. 12, 59, 70 These techniques include acoustic radiation force impulse (ARFI) imaging, 59 spatially modulated ultrasound radiation force (SMURF), 52 shear wave elasticity imaging (SWEI), 70 acoustic vibroacoustography, 15 shear wave dispersion ultrasonic velocity (SDUV), 6 single tracking location acoustic radiation force impulse (STL-ARFI) imaging, 12 and supersonic shear wave imaging. 4 Acoustic radiation force elastography techniques are finding new applications for characterizing 3-D engineered tissues because of their ability to provide quantitative estimates of the mechanical properties of tissues site-specifically, volumetrically, rapidly, and non-destructively. Furthermore, acoustic radiation force elastography techniques do not require contact with the tissue, which is important for sterile tissue engineering environments. Shear moduli of tissue phantoms were estimated using SMURF techniques and found to be in good agreement with measurements of moduli using destructive mechanical testing techniques. 51 Another study employed single tracking location shear wave elasticity imaging for estimating shear moduli of cell-embedded collagen hydrogels. 55 Of note, this study also demonstrated that the generation of Scholte surface waves can confound the estimation of moduli near fluid-solid interfaces, as may occur when imaging engineered constructs within standard tissue culture plates. 55 Acoustic radiation force techniques were also used to image tissue displacements in thin tissue constructs. 43 Moreover, acoustic radiation force elastography techniques can image deeper tissue regions than compression elastography, thereby enabling assessment of engineered tissues implanted in vivo. As an example, one study employed a multi-modal imaging approach to monitor mechanical and structural changes in degradable, polymer scaffolds implanted in rats in vivo (Fig. 4) . 63 Acoustic radiation force shear wave imaging was employed to estimate shear moduli, and photoacoustic imaging was used for structural imaging of the scaffolds. 63 Changes in shear modulus of scaffolds implanted in vivo measured with shear wave imaging correlated with Young's moduli obtained by compression testing ex vivo. 63 
SUMMARY
In summary, ultrasound offers unique capabilities for real-time imaging and quantitative monitoring of various properties of engineered tissues and biomaterials in vitro and in vivo. Conventional ultrasound B-scan imaging offers rapid, non-destructive imaging, and diagnostic information can be improved when combined with other imaging modalities or with the use of contrast agents. High-frequency quantitative ultrasound techniques, including elastography, provide metrics for quantitative assessment of structural, biological, and mechanical properties of engineered constructs. Ultrasound imaging and quantitative characterization techniques can offer new enabling techniques for tissue engineering, and can complement other imaging modalities. Avenues for future research to advance quantitative ultrasound tech- niques include; developing acoustic scattering models to characterize engineered constructs comprised of multiple cell types and extracellular matrix components, combining multiple quantitative metrics to characterize complex engineered tissues, validating techniques broadly across multiple tissue types, and meeting challenges associated with in vivo translation. Overall, advancing ultrasound technologies in tissue engineering will facilitate volumetric, non-invasive, and non-destructive evaluation of engineered constructs during fabrication, conditioning, and postimplantation, thus allowing for functional comparisons among different approaches, and accelerating clinical translation.
